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Abstract 

In the infrared fixed point (IFP) scenario of the minimal supersymmetric model 
(MSSM), the top-quark mass and other physical quantities of the low-energy 
theory are insensitive to the values of the parameters of the theory at some 
high energy scale. In this framework we evaluate the light CP-even Higgs mass, 
m h o, taking into account some important effects that had not been previously 
considered. In particular, the supersymmetric correction to the relation between 
the running and the physical top-quark masses lowers the value of tan /3, thereby 
implying a lower predicted value of m h o . Assuming a supersymmetric threshold of 
M s < 1 TeV and M t = 175 GeV, we find an upper bound of m h o < 97 ± 2 GeV; 
the most plausible value of m^o lies somewhat below the upper bound. This 
places the Higgs boson in the IFP scenario well within the reach of the LEP-2 
Higgs search. 

CERN-TH/98-12 
January 1998 

*Research supported in part by: the CICYT, under contract AEN95-0195 (JAC); the European 
Union, under contract CHRX-CT92-0004 (JAC); and the U.S. Department of Energy, grant DE-FG03- 
92ER40689. 



1 Introduction 



Models of low-energy supersymmetry can add many new parameters to the Standard 
Model. The minimal supersymmetric extension of the Standard Model (MSSM) is min- 
imal only in its choice of particle content. The number of free parameters of the model 
is quite large unless additional theoretical assumptions are imposed. The parameter 
freedom of the MSSM is due mostly to soft supersymmetry-breaking parameters, whose 
theoretical origins are unknown. It is common practice to treat the parameters of the 
MSSM as running parameters and impose a particular structure on the soft supersym- 
metry breaking terms at a common high energy scale [such as the Planck scale (Mp) 
or grand unification (GUT) scale (Mx)\- Using the renormalization group equations 
(RGEs), one can then derive the values of the low-energy MSSM parameters. 

A particularly attractive framework, which we will adopt in this paper, consists of 
assuming universality of soft breaking parameters at the high-energy unifying scale. 
Universality is a desirable property not only to reduce the number of independent 
model parameters, but also to avoid unsuppressed flavor changing neutral currents 
(FCNCs) 0. Universality of scalar and gaugino mass parameters in the high energy 
theory is an automatic consequence of the minimal supergravity (SUGRA) framework 
and approximately holds in several string-derived SUGRA scenarios ||. 

The resulting low-energy supersymmetric theory that emerges depends on five su- 
persymmetric model parameters: a common scalar mass m, a common gaugino mass 
M, a common flavor- diagonal trilinear scalar coupling A, a supersymmetric Higgs mass 
parameter /i, and an off-diagonal Higgs squared- mass parameter m\ 2 (often called Bfi). 
These parameters are high-energy scale parameters (defined at either Mx or Mp) and 
serve as initial conditions for the RGEs. Electroweak symmetry breaking in the low- 
energy theory is radiatively generated when one of the Higgs squared-masses is driven 
negative by renormalization group (RG) running. Then, by imposing the minimum 
conditions for the Higgs potential, one can eliminate fi 2 and m\ 2 in favor of the elec- 
troweak symmetry-breaking scale, v 2 = v\ + v\ ~ (174 GeV) 2 , and tan/3 = v 2 /vi, 
where v i and v 2 are the Higgs vacuum expectation values. The sign of \i is not fixed 
in this procedure and remains a free parameter. 

Clearly, the previously described SUGRA theory is a highly constrained version of 
the MSSM. Nevertheless, there can be additional interesting constraints. In particular, 
certain low-energy MSSM parameters are sometimes very insensitive to the initial high 
energy values of the SUGRA parameters. Such a possibility is very exciting, since it 
offers a potential for understanding the physical value of some low-energy parameters 
without a detailed knowledge of the physics at high energies. 

The classic example of the scenario just described is the quasi-infrared fixed point 
(IFP) prediction for the top-quark Yukawa coupling @»B>S0BBE9OQSBE3B As 

1 The quasi-infrared fixed point differs from the infrared fixed point of Pendleton and Ross (PR) [|l6| . 
The PR fixed point is an infrared stable fixed point that is reached at a scale Q for sufficiently large 
Mx/Q- However, in practice Mx/mz is not large enough, so the PR fixed point solution does not 
govern the low-energy value of the top-quark Yukawa coupling. On the other hand, it follows from 
eqs. (|l])-(|) that the top -quark Yukawa coupling is driven to the quasi-infrared fixed point as long as 
Y t (0)F(t z ) > 1/6, where t z = hx(M x /m%). 
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is well known |J, the one-loop RGE of the top-quark Yukawa coupling, Y t = h 2 /(4n) 2 , 
can be integrated analytically for moderate values of tan/? ~ 



l + 6Y t (0)F(ty 



E(t) = (l + /? 3 t) 16/3fe3 (l + /9 2 t) 3/fe2 (l + /5it) 13/%1 , F(t)= fE{t')dt'. (2) 



with 



In eq. (]2|), = cti(Q)bi / 'in are the one-loop beta functions of the gauge couplings cei(t), 
with (61,62,^3) = (11, 1, — 3), and t = ln(M|/Q 2 ), where Q is the renormalization 
scale. This one- loop behavior leads to the existence of the quasi-infrared fixed point. 
Namely, for Y t (0) — > 00, 

Numerically, one finds that Y t at the electroweak scale differs negligibly from Yf 
for a wide range of Y t (0) > 0.01, so in this sense the low-energy value of Y t is indeed 
insensitive to its high-energy value Y t (0). The value of the top-quark mass depends both 
on the low-energy values of Y t and tan /3, so at this stage we do not have a prediction 
for the top-quark mass. Nevertheless, the parameter freedom has been reduced, since 
given the top-quark mass, tan/3 is now predicted. Actually, tan/3 typically turns out 
to be near 1, in which case the previous derivation is fully justified^} 

In this paper, we focus on the prediction of the light CP-even Higgs mass (m^o) 
in the IFP scenario as a function of the minimal SUGRA parameters. We improve 
on previous work in the literature by taking into account a number of effects not 
fully considered before. These include: (i) corrections to tan/3 due to supersymmetric 
thresholds; (ii) evolution of tan/3 from the electroweak scale to the supersymmetry- 
breaking scale; and (iii) a precise evaluation of radiative electroweak breaking and of 
the top-squark (stop) mixing parameter. All these effects have a significant impact on 
the value of m^o. In addition, we have computed m^o using the most refined methods 
available, including subdominant radiative corrections and contributions from stop 
non-degeneracy. This substantially reduces the theoretical uncertainty of our results 
with respect to previous literature. Our final result on the upper bound on the Higgs 
mass has important implications for the LEP-2 Higgs search. 

In Section 2, we discuss the IFP scenario and the calculation of tan /3, as well as the 
stop mixing parameter, including all the new effects mentioned above. We address a 
number of effects not previously considered, which can significantly affect the predicted 
value of tan j3 and the Higgs mass. In Section 3, we review the dependence of the Higgs 
mass on the supersymmetric parameters. In Section 4, we explore the consequences of 
the IFP scenario for the predicted value of the Higgs mass, giving full numerical results 
and comparing to the previous literature. Conclusions are presented in Section 5. 

2 If one solves the complete set of RGEs for the top and bottom-quark Yukawa couplings, one 
finds another IFP solution with tan/3 ~ mt/rrib- In this paper, we will not address this large tan/? 
scenario since, in the minimal SUGRA approach described above, it requires a precise (unnatural) 
fine-tuning of high-energy parameters in order to ensure the correct radiative electroweak symmetry 
breaking (TJ]. 



2 



2 The IFP scenario revisited 



In Section 1, we reviewed the quasi- infrared fixed point (IFP) scenario in which the 
low-energy value of the top-quark Higgs Yukawa coupling is driven to a quasi- infrared 
fixed point value, Yf. Formally, this limit is derived by taking Y t (0) — ► oo. This is not 
theoretically consistent as it stands, since the derivation given above was based on a 
one-loop RGE, while large values of Y t (0) clearly lie outside the perturbative regime. 
However, it has been shown |Tj| that the domain of attraction of the quasi-IFP is large 
and accurately represented by the one-loop approximation. In particular, Y t (0) rapidly 
approaches Yf, even for values of Y t (0) still in the perturbative region. This allows one 
to consider the IFP limit as a meaningful physical possibility. For example, starting 
with Y t (0) =0.1 the one-loop value of Y t {t) at the weak scale differs from Yf by 0.27%. 
In this paper, we employ two-loop RGEs for the evolution of the gauge and Yukawa 
couplings. For definiteness, we choose Y t (0) = 0.1, although the results are insensitive 
to this choice, Kued above. 

Another subtlety concerning the precise definition of the IFP scenario is the choice 



of the unification scale Mx and of ctj(0). Here, we follow the approach of Ref. |L9|. 



First, we take the experimental values of oti(Q — mz) as input parameters and eval- 
uate the corresponding supersymmetric DR values, di(mz), taking into account all 
the supersymmetric threshold corrections^ [the 6ci(mz) do not have a direct physical 



meaning; see Ref. |L9| for more details]. Then, the two- loop running of &\(t), &2{t) 
to high scales defines a unification scale Mx and a "unified" coupling constant d(0). 
Finally, the running of a% from mz to Mx gives the value of 0:3(0). In general, the 
latter does not coincide (even within the error bars) with d(0), although the difference 
is small and can be attributed to, for instance, threshold corrections either from a GUT 
or stringy origin. 

The IFP scenario defined in the context of the SUGRA approach depends on ad- 
ditional parameters m, M, A, tan/5 and sign(/i) as described in Section 1. However, 
the subset of independent parameters is substantially smaller. In the IFP scenario, the 
low-energy value of A t (the trilinear scalar coupling of the Higgs boson and stops) is 
also driven to an infrared quasi-fixed point J7|. At the one-loop level 

A t {t) -> M 



1/16 , XI , 13 . . \ E(t) 

— —a 3 (0)h 3 + 3a 2 (0)h 2 + — ai (0)h 3 - t- 



4tt V 3 w w 9 w 7 F(t) 



(4) 



where hi(t) = t/(l + Therefore the value of Aq in the IFP limit is irrelevant. 

Although this is not true for the remaining trilinear couplings Ab,A T , etc., the latter 
A-parameters have a negligible effect in the determination of the Higgs mass, which is 
the main goal of this paper. The value of tan/3, evaluated at the scale Q = M t (where 
M t is the physical top-quark mass), is determined by using 

v 2 {M t ) = (5) 

A7rJY t (M t ) 



3 Of course, these threshold corrections depend on the values of supersymmetric masses and thus 
on the remaining independent parameters of the model. 
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and the approximate DR relation ||i~9] 



v(m z ) 



175.8 + 0.32 In 



'm 2 + 4M 2 



GeV. 



(6) 



The distinction between the physical top-quark mass M t and the running top-quark 
mass mt(Mt) should not be ignored. Explicitly, the physical top-quark mass is given 
by 

/\ 777 , 

M t = m t {M t " • 



1 + 



m t 



(7) 



where the one-loop correction Am t receives two important contributions: the well- 
known QCD gluon correction^ 

V m t / QCD iZ7r 

and the stop/gluino correction fl9U2"0" | 
'Ami 



m t / SUSY 



12tt 2 



Bx(m t , Mg^tJ + Bi(m t , M s , m fe ) 



- sin(2fl t )^ [SoK, M s , m t -J - B K, M s , m h ) 

where 9 t is the stop mixing angle, m t - > m t ~ 2 , and 

(1 — x)m\ + — x(l — x)p 2 



B n (p;mi,m 2 ) = — / cfex™ In 
Jo 



(9) 



(10) 



Note that the Standard Model two-loop QCD correction [21[] and the electroweak cor- 
rection |22|] are each of order 1% and almost cancel one another. While the one- loop 



gluon correction [eq. (§)] yields a 6% relative top-quark mass shift, the supersymmetric 
correction in our scenario is of the same sign and can be as large as the gluon correction 
for M > 500 GeV. The stop/gluino correction (which increases with the supersymmet- 
ric masses) is a consequence of working in the effective supersymmetric theory without 
decoupling the supersymmetric particles, as is usually done in the IFP literature when 
considering the running of Y t . (In practice, this is the most convenient way to perform 
the analysis; for an alternative approach, see Ref. However, the correction given 

by eq. (0) has never been included in the published analyses of the IFP scenario. This 
correction has the noteworthy effect of reducing the ratio m t (M t )/M t , and consequently 
lowering the IFP value of tan/3. As a result, the predicted value for the mass of the 
light CP-even Higgs boson is significantly reduced, as shown in Section 4. 

Let us now turn to the /^-parameter. We noted in Section 1 that fi can be deter- 
mined (up to a sign) by imposing the condition of electroweak symmetry breaking and 
fixing the Z mass to its physical value. More precisely, from the minimization of the 
renormalization-group-improved tree-level Higgs potential, we obtain 



/i 2 + \m\ 



tan 2 /3 



- (m 2 Hi - tan 2 (3 m 2 H2 



IF 



J The factor 5 in eq. <M) in the DR scheme should be compared with 4 in the MS scheme 
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where m 2 Hl , m 2 H2 are the low-energy values of the soft squared-masses of the Hi , H2 
Higgs fields (subject to the condition m 2 Hi — rn 2 H =m 2 at Q — Mx)- It is important to 
note that the result given in eq. (|ll|) is only accurate enough if the tree-level potential 
is evaluated at a scale where the radiative corrections are minimized. This essentially 
happens for a scale of order the stop masses p4,25|. From now on we will take that 



scale, Ms, as the average of the stop squared-mass eigenvalues 

M 2 = I (ml + ml). (12) 

Consequently, all the quantities appearing in eq. (|TT|) (including /i and m z ) are to be 
taken at Q = M$.f\ From eq. (^), eq. plus the renormalization group evolution of 
Hi, if 2 with their anomalous dimensions, we can determine the value of tan/3 at any 
scale using the corresponding RGE for tan/3: 



d tan 8 ■> 
dt ~ 2 



Y t tanp. (13) 



This result can be employed to determine the value of tan/3 at Ms- The running of 
tan 8 has been ignored in the IFP literature and produces significant corrections in the 
final results. 

From eqs. (§])—(§) and eq. (|TT|) it follows that the only relevant independent param- 
eters for predicting the light CP-even Higgs mass m^o in the IFP scenario are m and 
M. These can be traded in for Ms and x = M/m. Notice that in either case sign(yu) 
may be absorbed, by a redefinition of fields, into the sign of M (or equivalently, the sign 
of x). Besides the simplicity of this scenario, the fact that all the relevant low-energy 
quantities can be expressed in terms of Ms and x has important consequences for the 
prediction of m h o. In particular, the mass splitting between stops and the effective 
mixing^ 

X t = A t + ^cot8, (14) 

which play an important role in the computation of m h o (see Section 3) are no longer 
independent parameters, but are calculable quantities in terms of Ms and x. Since they 
cannot be simultaneously "tuned" to the values that maximize m h o, this produces an 
effective lowering of the upper bound on m^o. These issues will be carefully analyzed 
in the next two sections. 

There is yet another source of constraints on the theory, namely the desirable 
absence of dangerous charge and color breaking (CCB) minima [f27| , p8f or unbounded 
from below (UFB) directions [28] in the scalar potential. CCB and UFB constraints 



have been recently analyzed for the IFP scenario [f29] . Since all the physics in which we 



are interested depends on just two parameters, M and m (or equivalently M s and x), 
we must focus on the CCB and UFB constraints involving these quantities. This means, 
in particular, that the CCB constraints involving the trilinear scalar couplings other 

5 Even including the one-loop radiative corrections AVi to the tree- level potential Vb, and using 
eq. ( [ill) accordingly modified, is not in general a precise procedure since Vo + AVi at Q = mz still 
yields inaccurate results if Mj 3> m|, as it is normally the case (2f| (see the comments at the end of 
the appendix). 

6 The convention for the sign of /i in eq. ( |l4|) is opposite to the one employed in Ref. | f26| . 
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than the top one, i.e. A u , Ad, A s , etc., have no relevance to us since their low-energy 
values may be tuned at will by varying the initial high-energy parameter A Q . This is 
not the case for the low-energy top trilinear scalar coupling A t , which in our scenario is 
driven to an infrared fixed point given by eq. (^) [more generally, by eq. (^2j)], namely 
A t ~ — 1.2M. This value, however, is well inside the region allowed by the CCB bounds 



29[ . On the other hand, UFB bounds strongly restrict the x = M/m parameter |29 



in the IFP scenario, namely the absence of UFB directions requires |x| < 1. In any 
case, the results presented in Section 4 imply that for x > 1 the value of m h o hardly 
changes as a function of x (i.e. it already reaches its large-x asymptotic limit at x = 1). 
Thus, in practice the CCB and UFB constraints do not restrict the bounds on m h o in 
the IFP scenario. 



3 The MSSM Higgs mass 

The Higgs sector of the MSSM consists of five physical states: two neutral CP-even 
scalars h° and H° (with m^o < m H o), one neutral CP-odd scalar A , and a charged 
Higgs pair H^. The quadratic terms of the Higgs potential consists of two diagonal 
squared- mass terms: mf = m 2 H . + |/i| 2 , and one off-diagonal squared-mass term: m\ 2 - 
When the minimum condition is imposed, the diagonal squared-mass terms are traded 
in for the vacuum expectation values V\ and v 2 - Thus, the tree- level Higgs sector 
depends on only two new parameters: tan/3 and m\ 2 . It is convenient to replace m\ 2 
with the physical parameter m^o. Then, all other Higgs masses and couplings can be 
expressed at tree level in terms of tan/3 and m^o. 

The prediction for the mass of the lightest CP-even neutral Higgs boson is of par- 
ticular interest to the LEP Higgs search, since this Higgs scalar would be discovered 
first if it lies within the reach of the LEP-2 collider. In particular, the MSSM predicts 
that at tree level, m^o < rriz\ cos2/3| < mz- When radiative corrections are included, 
the light Higgs mass upper bound may be significantly increased above the tree level 
prediction. This has profound effects on the LEP Higgs search. LEP-2 running at its 
maximum energy (y^ ~ 200 GeV) and luminosity is expected to be sensitive to Higgs 
masses up to about 105 GeV f30|| . Thus, the possibility of large radiative corrections 
to m^o implies that LEP cannot be sensitive to the full MSSM Higgs sector parameter 
space. 

The mass of h° can be calculated in terms of the two parameters of the Higgs sector 
mentioned above (m^o and tan/3) and other MSSM soft-supersymmetry-breaking pa- 
rameters that affect the Higgs mass through virtual loops pi] , |52] , pB| , |51] , p5] , pB| , p7|P5| , pUtP0" 



The largest contribution to the one-loop radiative corrections is enhanced by a factor 
of m\ and grows logarithmically with the stop mass. Thus, higher-order radiative cor- 
rections can be non- negligible for large stop masses, in which case the large logarithms 
must be resummed using renormalization group techniques p5,^6,^7,^8,39|, 4C|. 



For our numerical work, we will follow the simple analytic procedure for accurately 
approximating myfi described in Ref. [40|, where further details can be found. Similar 



results are obtained by using the alternative approximation of Refs. p8|,|39|. These an 



alytic formulae incorporate both the leading one-loop and two-loop effects and the RG 
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improvement. Also included are the leading effects at one loop of the supersymmetric 
thresholds (the most important effects of this type are squark mixing effects in the 
third generation). 

In the limit m^o ^> mz, which holds in the IFP scenario, only h° remains light 
(with couplings nearly identical to those of the Standard Model Higgs boson), and its 
squared-mass including RG improvement is given by a formula of the form[] [[5J 

m l° - (^o)ill [mint)} + (Am^o) m ix [m t {fii)\ , (15) 

where 



fi t = ^/m t M s , fit = M s . (16) 

In particular, the numerically integrated RG-improved CP-even Higgs mass is well 
approximated by replacing all occurrences of m t in (m^ )iLL and (Am^ ) m ix by the 
corresponding running masses evaluated at the judicious choice of scales indicated 
above. 



The first term in eq. (jig ) is the one-loop leading logarithmic contribution to the 
squared mass, given by 

(m h0 ) 1LL * m z cos 2/3 + ^ In [—^ j , (17) 

where tan/3 is evaluated at m z and N c = 3. Subdominant terms not written in 
eq. ( |l7j ) can also be important for a precise determination of m h o. They can be found 
in Ref. [f|(| and were included in our numerical analysis. The second term in eq. ([15]) 



adds the important effects of stop mixing; it takes the form (again we display here only 
the dominant terms) 



(A^o)mix ^ mt(fi { ) {X 2 t [2/i(m|, m|) + X^(m|, m|) ] } , (18 

107T TYlyy 



where X t is given by eq. (|T^) , and 



h(a,b) =— b ^~ b , 

9{a > b) =j^w{ 2 - 




(19) 



Using these results, the full (numerically integrated) RG-improved value of m h o is 
reproduced to within an accuracy of about 2 GeV (assuming that supersymmetric 
particle masses lie below 2 TeV). 

For |m| — m| 2 | <C M§, we may approximate g(a,a) ~ — l/6a 2 and h(a,a) ~ 1/a. 
Then eq. (|18|) simplifies and takes the form 



(Am|o) mix = ^rrnt \^[l-^h- 2 \). (20) 




7 Corrections associated with sbottom virtual loops are small if tan/3 is small, and so they are not 
shown explicitly in eq. (113), although they were included in our numerical analysis. 
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From eq. ( |20| ) it is easy to see that the maximal value of (Am^ ) mix , and thus m^o, 
is achieved for \X t \ = ^M§, which is sometimes called "maximal mixing". For this 
value of \X t \, the quantity in curly brackets in eq. (p0|) is equal to 6. For larger values 
of \X t \ this correction decreases, eventually turning negative. In the IFP scenario the 
approximation of nearly degenerate stops is not always applicable (particularly for small 
values of \x\, as shown in fig. 1), and one must include the stop mixing corrections in its 
full form [eq. (0)]. In the latter case, (Am^ ) m ix does not follow the simple behaviour 
discussed for the approximately mass-degenerate case; for example, values larger than 



6 for the term in curly brackets in eq. fll8|) can result 



> 
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Figure 1: Stop-mass eigenvalues mi (upper curves), rrij 2 (lower curves), as a function of x = M/m 
in the IFP scenario for Ms = 1 TeV and M t = 175 GeV. The indicated area around x = has one 
very light stop (or a negative value of m~ ) and is thus excluded experimentally. 



As an example, one finds the following mass bounds for h°, assuming M t = 175 GeV 
and Ms < 1 TeV: m h o < 112 GeV if stop mixing is negligible, while m h o < 125 GeV if 
stop mixing is "maximal" . In both cases the upper bound corresponds to large tan /3. 
When the IFP scenario is imposed, the parameter restrictions examined in Section 2 
(e.g. both tan/? and A t are driven to fixed-point values) imply that the Higgs mass 
upper limits quoted above are not saturated. Consequently the predicted value of m^o 
decreases substantially. In Section 4, we shall explore in detail the predictions for m^o 
in the IFP scenario as a function of the remaining free parameters. 
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4 Results 



For the sake of definiteness and to facilitate the comparison with previous results in the 
literature, we first present detailed results for Ms = 1 TeV. Subsequently, we will allow 
Ms to vary. It is then illustrative to start by showing the dependence of several relevant 
quantities as a function of the only remaining parameter, x = Mj m. In all the cases 
we will vary x over the range [—1,1], since for |x| > 1 all the relevant quantities enter 
an asymptotic regime, as will be apparent from the figures. In addition, as explained 
at the end of Section 2, the values |x| > 1 are in conflict with CCB and UFB bounds. 

In fig. 1 we plot the two stop mass eigenvalues , m t - 2 as a function of x. We 
note that for —0.07 < x % 0.03 the mass of the lightest stop is lower than the present 
experimental bounds [41|. Thus, this region is excluded, as indicated in all figures 
shown in this section. We also observe that eq. (p0|) is no longer a good approximation 



for (Am^o)mix when 
Section 3. 



< 



0.4, and one must use eq. QIBD , as noted at the end of 
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Figure 2: Stop/gluino threshold contribution [eq. (^)] to the relationship between the physical (pole) 
top-quark mass M t and the DR running mass m t = m t (M t ), as a function of x = M/m in the IFP 
scenario with Ms = 1 TeV and M t = 175 GeV (solid line). For comparison, the gluon contribution 
[eq. (H)] is also exhibited (dashed line). 



Figure 2 shows the supersymmetric correction (due to stop/gluino loops) to the top- 
quark mass (Ami/mi)susY as a function of x. Note that this correction is in general 
quite important. For comparison, we have also plotted the usual QCD correction, 
(Am t /m t )QCD (constant dashed line). Although the supersymmetric correction does 
not always have a definite sign in general models (as noted in Ref. [0), this correction 
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is always of the same sign as the QCD correction in the IFP scenario considered in 
this paper. This feature is a result of the constraints imposed on the stop and gluino 
masses. Moreover, the larger the positive value of Am t , the lower the value of tan/?. 
This can be seen from the dashed line in fig. 3, which shows the behaviour of tan (3 as 
a function of x. 
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Figure 3: Predicted value of the stop mixing parameter Xt/Ms (solid line) and tan/3 (dashed line) in 
the IFP scenario as a function of x = M/m with Ms = 1 TeV and Mt — 175 GeV. Both parameters are 
essential in the determination of m^o . The dotted lines indicate the value of tan (3 if one moves away 
from the IFP limit of Y t — Yf [see eq. (pi)]; the upper [lower] dotted line corresponds to Y t /Yf = 0.8 
[0.9]. 



Figure 3 also shows the value of Xt/Ms as a function of x. Recall that both tan/5 
and Xt/Ms have a crucial impact on m^o. In particular (assuming that tan/? > 1 and 
\Xt/Ms\ < VQ, which is always true in the IFP scenario considered here), rrtyfi is an 
increasing function of both tan/3 and \X t /Ms\. However, as seen from fig. 3, tan/3 and 
\X t /Ms\ do not attain their maximum values at the same value of x, which leads to 
an effective lowering of the maximum possible value of m h o. Moreover, Xt/Ms never 
reaches the "maximal value" of \X t /Ms\ = This again limits the maximal value 
of myp to lie below its MSSM upper bound. 

The behaviour of Xt/Ms shown in fig. 3 can be understood by using eqs. (|14D and 
fll2| ) plus the expressions for /i, A t and the third-generation scalar squared-masses given 
in Section 2 and the appendix. In the limit where Ms ^> m t , we obtain 



M s 



1.2 x + cot /3(tan 2 (3 - l)" 1 / 2 [(1 + 0.5 tan 2 (3) + (0.5 + 2 tan 2 (3) x 



21 V2 



(0.25 + 2.75x 



2)1/2 



(21) 
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For a typical value of tan/? (e.g. tan/5 ~ 1.5 according to fig. 3), eq. (pi] 
maximum at x ~ —0.2 and lies below the "maximal value" \X t /Ms\ = \^6. 



reaches a 
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Figure 4: Different approximations to the lightest CP-even Higgs mass as a function of x = M/m 
for the IFP scenario with Ms = 1 TeV and M t = 175 GeV. The result of the calculation of this paper 
is given by the solid curve. If one omits the stop/gluino loop corrections to M t /m t (M t ) and assumes 
maximal stop mixing, one obtains the dashed curved. 

In fig. 4, the solid curve depicts the results for in the IFP scenario considered in 
this paper, with Ms = 1 TeV and M t = 175 GeV. Note that the absolute upper bound 
on myfi corresponds to x ~ —0.3, although for x < —0.1, the variation of m h o with 
x is small. Numerically the bound on m^o reads m^o < 97 GeV, with an estimated 
error of ±2 GeV (this error is based on the results of Ref. fl4"0fl ). In order to illustrate 
the impact of the new effects that we have incorporated into the calculation of m^o, 
we exhibit the dashed curve in fig. 4. This latter curve results from a calculation in 
which the stop/gluino corrections to the physical (pole) top-quark mass M t , in terms 
of the DR running mass m t (M t ), are omitted [i.e. taking (Am t /m t )svsY — 0], and the 
stop mixing parameter is set at its "maximal" value, \X t /Ms\ = V^- This procedure 
has been used in some works |37],[3|,[39[] to deduce an absolute upper bound on m h o 
in the IFP scenario. In addition, following Refs. |37| , p8| , eq. (|20|) was used to obtain 
the dashed curve for all values of x, although we know (see the discussion near the 
end of Section 3) that the underlying assumption of nearly degenerate stops is not 
appropriate for \x\ < 0.3. (The effects of non-degenerate stops were taken into account 
in Ref. P5fl .) As anticipated, the dashed curve of fig. 4 significantly overestimates the 
m^o bound over the full x range. Quantitatively, the overestimate is ~ 7 GeV for x < 
and ~ 20 GeV for x > 0. 
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We conclude that previous results for m^o in the IFP scenario obtained in the 
literature had neglected a number of significant effects, which lead to a substantial 
reduction in the prediction of the upper bound for m^o as a function of the minimal 
SUGRA parameters. The Higgs mass upper bounds obtained previously are therefore 
too conservative. The more refined bound of m h o < 100 GeV, obtained in this paper, is 
significant in that it lies within the reach of the LEP-2 Higgs search once the maximum 
LEP-2 energy and luminosity is achieved. 



M s = 0.5, 1,1-5 TeV 




-1 -0.5 0.5 1 

x 

Figure 5: Lightest CP-even Higgs mass as a function of x = M/m in the IFP scenario for M t = 
175 GeV and different values of Ms- The curves shown correspond to Ms — 0.5 TeV (lower curve), 
Ms = 1 TeV (middle curve) and 1.5 TeV (upper curve). For small x, the curves end at the dashed 
lines where the stop mass lies below its experimental bound. 

We next consider the effect of varying the other relevant model parameters. Figure 5 
shows the value of m^o as a function of x for different values of Ms; curves for Ms = 0.5 
TeV, 1 TeV, and 1.5 TeV are shown. As expected, the predicted value of m^o increases 
logarithmically with Ms- Figure 5 clearly shows a marked asymmetry in the predicted 
value of rriho under a change of sign of x. For x > 0, the stop mixing contribution to 
mho is less important since a destructive cancellation takes place between A t and fi in 
X t (see fig. 3). As a result, m h o is typically less than 90 GeV, which is almost excluded 
by the current LEP-2 limits on m h o fl2"|] . For x < 0, A t and fi have the same sign, 
thereby enhancing X t . The corresponding value of m^o is larger in this case, although 
for Ms < 1.5 TeV, we still predict m h o < 100 GeV. Larger values for Ms are less 
plausible, assuming that electroweak symmetry breaking is a natural consequence of 
low-energy supersymmetry. 
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Figure 6: Lightest CP-even Higgs mass as a function of x = M/m in the IFP scenario for Ms = 
1 TeV and different values of Mt. The curves shown correspond to Mt = 170 GeV (lower curve), 
M t — 175 GeV (middle curve) and 180 GeV (upper curve). 



The predicted value of m h o is quite sensitive to the value of the top mass, due to 
the m\ behavior exhibited in eq. ([H]). Taking into account the experimental error of 
about 5 GeV in the measured top quark mass, we exhibit in fig. 6 the predicted value 
of rriho as a function of x for Ms = 1 TeV and three choices of top quark mass. For 
the maximal value of M t = 180 GeV, we see that the predicted upper bound of m^o 
is increased by about 5 GeV, compared to the previous results shown (for the central 
value of M t = 175 GeV). We also note that for M t = 180 GeV, the x dependence is 
somewhat less pronounced, with the predicted value of m h o above 88 GeV over the 
entire allowed range of x. If we impose Ms < 1.5 TeV, we conclude that the upper 
bound of the light CP-even Higgs mass in the IFP scenario is about 95-105 GeV (for 
M t = 175 ±5 GeV), although the upper bound is not saturated over a significant region 
of the minimal SUGRA parameter space. 



5 Conclusions 

The quasi-infrared fixed point model is very attractive, since a number of quite general 
and well-motivated initial conditions lead to a highly predictive low-energy scenario. 
More precisely, working within the SUGRA framework (with the assumption of uni- 
versality of scalar and gaugino soft-supersymmetry-breaking masses), the only two 
independent parameters for low-energy physics are the common (high-energy) scalar 



13 



(m) and gaugino (M) masses. We have studied in this framework the value of the 
light CP-even Higgs mass, m h o, which is a particularly relevant physical quantity since 
it turns out to be greatly constrained. We have taken into account some important 
effects that had not been previously considered. The most notable of these is the super- 
symmetric correction to the relation between the running and the physical top-quark 
masses, which lowers the value of tan (3 and thus that of m h o . Other effects arise from 
the precise determination of the stop mixing parameter X t (which plays a major role in 
the computation of m h o), as well as the observation that tan f3 and X t never conspire to 
raise m^o to its maximum possible value. In addition we have computed m^o using the 
most refined available method, including subdominant contributions and corrections 
from stop non- degeneracy. This substantially reduces the theoretical uncertainty of 
our results with respect to previous calculations in the literature. 

Our predictions for are significantly lower than previous evaluations, as illus- 
trated in fig. 4. Figure 5 displays our calculation of m^p and exhibits its dependence 
on x ~ M/m for different values of Mj = \ (m^ +m~J. For M s < 1 TeV and 
M t = 175 GeV we find m h o < 97 ±2 GeV; the upper bound increases slightly for larger 
values of M s and M t . For sensible parameter choices, we conclude that m h o < 105 GeV 
in the IFP scenario based on the constrained MSSM with universal scalar and gaugino 
mass parameters (as in minimal SUGRA and some superstring models), and that the 
most plausible m h o values may be substantially smaller. These values of m h o are within 
the reach of the LEP-2 Higgs search. 

If LEP-2 fails to discover the h°, then one will be able to rule out the IFP scenario in 
the context of SUGRA models with universal boundary conditions. Of course, this will 
not rule out all possible SUGRA models (or more general versions of the MSSM), where 
the upper bound m h o < 125 GeV quoted at the end of Section 3 can still be realized. 
Nevertheless, it is worth emphasizing that the IFP scenario does not correspond merely 
to a single point of the supersymmetric parameter space. As noted in Section 1, as long 
as Y t (0) > 0.01, the low-energy values of A t and tan/5 converge quite closely to their 
IFP limits (and independently of the value of the high-energy parameter Aq). Thus, 
the IFP prediction of the Higgs mass bound presented in this paper corresponds to 
a non-negligible region of the space of supersymmetric parameters at the high-energy 
scale. 

Finally, it is interesting to note that the bound on m^o obtained in this paper is 
quite robust. The effect of a small deviation from the IFP limit leads only to a modest 
increase in the mass bound of the light CP-even Higgs boson. For example, suppose we 
take the value of Y t to lie somewhat below its fixed point value Y), but still close enough 
such that the dependence of A t on its high-energy value A is negligible. Then, we find 
that tan/5 increases from its predicted IFP value, while X t /Ms decreases throughout 
the x range of interest. As a result of these two opposing effects, we find that the 
upper bound of m^o barely shifts (although in contrast with the results of figs. 4-6, the 
bound on m h o as a function of x is much flatter). As one takes Y t further away from 
the IFP limit, the dependence of X t on A can no longer be neglected. One can now 
attain maximal mixing for reasonable choices of Aq. Since tan/3 is increased from its 
IFP value, the upper bound on m^o also increases. To illustrate these considerations, 
we computed the light CP-even Higgs mass for M s = 1 TeV and m t = 175 GeV as Y t 
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is reduced below Y). Using the results for tan (3 shown by the dotted curves in fig. 3, 
we find that the upper bound on m^o (which was 97 GeV in the IFP limit) increases to 
about 103 GeV [110 GeV], for Y t /Y f = 0.9 [0.8]. Note that away from the IFP limit, 
the upper bound on m h o is nearly independent of the value of x (since the dependence 
on x in this case enters mainly through tan/3). Thus, if h° is not discovered at LEP-2, 
then one must be somewhat far from the IFP limit examined in this paper. Given that 
LEP-2 expects to reach its maximal energy and luminosity during the next two years, 
it is safe to say that the decisive test for the IFP scenario will soon be at hand. 
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Appendix 

Starting with universal scalar (m) and gaugino (M) soft masses at the unification scale 
M x = [1.2 — 0.32t s + 0.17t 2 ] x 10 16 GeV, [| the soft masses at the supersymmetric scale 



[of order M s , with t s = ln(M s /l TeV)] are: 

m 2 Hi = m 2 + 0.5M 2 (22) 

m 2 H2 = m 2 + 0.5M 2 + Am 2 (23) 

m 2 Li = m 2 + 0.5M 2 (24) 

m |. = m 2 + 0.1M 2 (25) 

m * Qi =m 2 + [4.2 - 0.69t s + 0.46t 2 ]M 2 + §5 i3 Am 2 (26) 

ml, = m 2 + [3.8 - 0.69t s + 0.46t 2 ]M 2 + p i3 Am 2 (27) 

m 2 Di = m 2 + [3.7 - 0.69t s + 0.46t 2 ]M 2 , (28) 



where the labels are used for the soft masses of the Higgs doublets, L for the 
slepton doublets, E for the singlet sleptons, Q for the doublet squarks and U, D for up 
and down singlet squarks (i is a family index), and 




+M 2 ^ ( [1.3 - 0.34t s + O.lt 2 ] - [3.8 - 0.69t s + 0.6t 2 ] ] , (29) 
Y f J 

8 This result exhibits the dependence of Mx on the supersymmetric scale Ms. The numerical 
coefficients of the prefactor are based on a fit to results obtained from a numerical integration of the 
two-loop RGEs, with a{M x ) = 0.039. 
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where, following ref. 0, we have expressed our results in terms of the ratio Yt/Yf. 
In additionP], 



/x 2 = 1.8/i 2 ( 1 - ^ 1 , (30) 



1/2 



Yf 



B = B - \A y - M ^0.5 - [0.8 - 0.1t s + 0.045t 2 ]|^ 



(31) 



A t = A \l- y-^j - M ^[2.8 - 0.3U, + 0.3t 2 ] - [1.6 - 0.2t a + 0.09$^J . (32) 

In the above, the fitting of the numerical coefficients is accurate in the range 500 GeV < 
Ms < 1500 GeV. Note that the values of the above parameters at Ms (particularly 
those whose running is affected by a s , such as the squark squared- mass parameters 
and At) are substantially different from the corresponding values at mz (see Ref. 0). 
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